ABSTRACT: A total of 88,727 individual BW records of Spanish Merino lambs, obtained from 30,214 animals between 2 and 92 d of age, were analyzed using a random regression model (RRM). These animals were progeny of 546 rams and 15,586 ewes raised in 30 flocks, between 1992 and 2002, with a total of 45,941 animals in the pedigree. The contemporary groups (animals of the same flock, year, and season, with 452 levels), the lambing number (11 levels), the combination sex of lambs with type of litter (4 levels), and a fixed regression coefficient of age on BW were included as fixed effects. A total of 7 RRM were compared, and the best fit was obtained for a model of order 3 for the direct and maternal genetic effects and for the individual permanent environmental effect. For the maternal permanent environmental effect the best model had an order 2. The
INTRODUCTION
Recent results have been published on the use of random regression to analyze sheep growth under experimental (Lewis and Brotherstone, 2002) and commercial conditions (Fischer et al., 2004) . Both studies show that there is important genetic variation not only for weights at different ages, but also for the shape of the growth 1 2830 residual variance was assumed to be heterogeneous with 10 age classes; the covariance between both genetic effects was included. According to the results of the selected RRM, the heritability for both genetic effects (h curve. However, when analyzing preweaning growth in mammals, not only direct genetic effects (a) should be considered but also the maternal effect (m) and their correlation (r am ) with the direct effects. This correlation was not considered in the above-mentioned studies.
Much attention has been paid to problems linked to the estimation of direct and maternal genetic effects (and their covariance) using linear mixed models. The paper by Meyer (1997) shows a general statistical strategy to model and estimate the genetic parameters of both effects, whereas Safari and Fogarty (2003) reviewed the results available on different growth traits in sheep. Merino is one of the main branches of sheep breeds in the world. It derives from the Spanish Merino sheep and includes the largest census number with 220 million animals. In Spain it is farmed in the very difficult environmental conditions of the Mediterranean regions, where the breed plays an important economic, social and ecological role. In general, the animals are slaughtered at a young age (less than 3 mo) in order to satisfy the strong market demands focused on the weight and age at slaughter and the seasonal pasture availability. Accordingly, the breeding program must consider the possibility to provide the genetic potential of the animals at different points of the age trajectory during the first 3 mo of age.
The objective of this study was to estimate the genetic parameters for BW of the Spanish Merino sheep during the first 3 mo of age (from birth to slaughter), using random regression models including direct and maternal genetic effects and their correlation.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because the data were obtained from an existing database (Spanish Merino Breeders Association), and we did not experiment with live animals.
Data
The data used originally included 124,586 records of BW obtained from 32,701 lambs born in 43 flocks associated with the Spanish Merino Breeders Association (SMBA) from 1992 to 2002. Flocks with less than 150 records, values out of the range defined by the mean ± 3.5 SD within a given age class (9 classes from 2 to 92 d of age, sequentially formed, with 10 d of difference in each class) and animals with an unregistered paternity were excluded. This represented a data set (FINAL) with 118,941 BW records taken during the first 92 d age in 30 flocks, from 30,214 animals from 546 rams and 15,586 ewes (90% with 2 or more progeny records). The pedigree of each animal was obtained from the official herd book of the breed, with 45,941 animals in total. The structure of these data sets showed that 50.3% of the sires of the lambs were sires of the ewes also and 57% of the animals with records were progeny of these common sires. At the same time, 1,061 females with records were also represented as ewes of 2,373 progeny with data.
According to the official procedure, individual BW records are taken at 3 visits to each flock by officers from SMBA. Table 1 shows some general descriptive information about this data set. Body weights at standard ages of 30, 60, and 75 d, and ADG estimated by interpolation by the official procedure of SMBA are included in this table. The breeders recorded birth weights but they were not used for this study. A group of rams were tested each year, and each one was mated to 40 randomly selected ewes, in a separate paddock for 40 d, to control paternity of the lambs born. A longitudinal data set (FI-NALRR) with 88,727 records was constructed with the repeated records of the same animals contained in FI-NAL (the only difference was that the individual birth weight was not included).
Statistical Procedure
Different linear models were applied to the FINAL data set to provide a general description of the growth curve of the population of Spanish Merino sheep and to identify the main source of variation to be included in the genetic analyses.
For the genetic analysis, the following basic random regression model (RRM) was used for the FINALRR data set:
where y = a vector of BW of lamb ith at age j; b = a vector of fixed effects of contemporary groups (CG is a combination of flock, lambing year and season with 452 Under the model column, the number specifies the order of fit for the polynomial used; for instance, N2222A means a model of order 2 for genetic direct and maternal effects, individual permanent, and maternal environment, respectively. The letter A means homogeneous residual variance, and the letter B is for heterogeneous residual variance. N means that covariance between genetic direct and maternal effects was not considered and letter Y is the opposite. The greater is the value for logL or lower is the value of Akaike information criterion (AIC) and Bayesian information criterion (BIC), the better is the adjustment. The value of logL is expressed as a difference from a base of −760,000. levels), parity number of the mother (11 levels), and a combination of lamb sex and litter size (4 levels), and with a fixed regression of order k = 3 within CG included; a k and m k = sets of n values (n = number of animals) of k random regression coefficients, corresponding to direct additive (a) and maternal (m) effects, with order of fit k a and k m , respectively; p k and w k = sets of random effects with dimensions I n and I w (w = number of mothers) for permanent individual environment effects (p) and maternal permanent environment effects (w), for which the order of fit for the k random regression coefficients fitted for these effects were k p and k w , respectively; Z a , Z m , Z p and Z w = incidence matrices with dimensions n × k a for Z a and n × k m for Z m , n × k p for Z p , and w × k w for Z w , and where elements of these matrices are Z i = Φ i = ∀ i (t * ij ), for which ∀ i are coefficients of selected Legendre polynomial, and t * ij are ages standardized between −1 and +1 to use orthogonal polynomials (Φ i ) of k i order; and (ε r = random residual heterocedastic effects for 10 age classes considered (first class for ages between 2 and 14 d and the others for consecutive weeks of age, except the last one that covered the last 2 wk).
A total of 7 models were compared and Table 2 shows the effects included in each RRM, the order of fit of polynomials together with the Log L value and the model evaluation criteria. The numbers in the model column in this table represent the order of fit for the effects considered: direct genetic, maternal genetic, individual permanent environment (Pi), and maternal environment (Pm) respectively. The best model was selected using the likelihood ratio test, contrasting differences between 2 models with a χ 2 distribution at α = 5%. However, there are no formal procedures for the selection of the best model when the numbers of parameters are not the same. According to recommendations of Foulley and Robert-Granié (2002), the Akaike information criterion (AIC) and the Bayesian information criterion (BIC) can be useful as guides because they adjust for number of parameters and sample size.
Mixed model equations for the effects included in these models are
where A is the numerator relationship matrix, ⊗ is the symbol for Kronecker's product, and K i is the (co)variance matrix of the random regression coefficients of the effects indicated by subscript. According to Kirkpatrick et al. (1990) the genetic regression coefficients matrix could be used to estimate the eigenvalues (λ i ) and their associated eigenvectors. The statistical analysis was implemented with the ASREML software developed by Gilmour et al. (2000) . This software finds solutions for all variance components and the effects included in the model previously described. Following the proposal of Jamrozik and Schaeffer (1997), the genetic variance at a given age is estimated by the general expression
where the subscript x can be substituted for the estimation of variances of direct (σ ) permanent environmental effects, for BW (LW j ) at j age. When age i = j the results give the variance at certain age, but for i ≠ j the results are the genetic covariance for LW j at different ages. The covariance between direct and genetic maternal effects at any pair of ages was estimated by the same principle using the corresponding genetic components. Heritability can be derived at any point in the trajectory, as well as the genetic correlations between 2 points by classical methods.
Solutions for the k i random regression coefficients for each animal can be used to estimate breeding values (BV) for any point in the age curve between 2 and 92 d. For example, BV for the animal i at 75 d of age will be:
where a i = [alpha i beta i L beta i Q] represents solution for animal i, with an intercept (alpha i ) or mean genetic level for direct or maternal effect and the random regression coefficients of order k i = 2 (alpha betaL betaQ -intercept, lineal, and quadratic coefficients), and Φ 75 are the coefficients of the Legendre polynomial corresponding to 75 d of age. To generalize our results and apply this procedure, the BV for each animal was predicted and compared with the official method used by SMBA (a model with the same fixed and random effects as the basic RRM model used in this study) to BV estimation by BLUP procedures for BW adjusted previously at the fixed age of 75 d.
RESULTS
Some basic statistics relating to growth characteristics of Spanish Merino lambs were presented in Table 1 . Figure 1 shows growth curve characteristics for Merino lambs. Each point represents the least square mean of BW estimated at the corresponding age with a GLM, which included the same fixed effects as those presented in the basic RRM described previously in material and methods. Despite the apparent linear growth, a polynomial equation of fourth order provided the best fit this growth curve. A previous study with the same data set showed that this growth curve has 3 different steps (Menéndez Buxadera et al., 2003a) and they were applied herein. In each of these steps, the LW is a linear function of age. In the first 14 d after birth there was a maximum daily growth rate (b 1 = 0.291 ± 0.022), later on, the growth rate decreased until 35 d of age (b 2 = 0.200 ± 0.006). Finally, the growth rate rose until 75 d of age (b 3 = 0.253 ± 0.001) with a subsequent erratic growth pattern. As in the results presented by Menén-dez-Buxadera et al. (2003a), the sex and number of lambs born were significant factors affecting the growth curve.
Growth Curve Characteristics for Merino Lambs

Comparison of Random Regression Models
The covariance between genetic direct and maternal effects was not considered in the first 4 models in Table  2 (marked with letter N). The results of logL, AIC, and BIC show a significant improvement in the level of fit when the heterogeneous residual variance (letter B) was included in the model, in comparison to homogeneous residual variance (letter A). At the same time the use of order k = 3 for the polynomial in genetic direct and maternal effects dramatically increases the fit of the model, which will become clearer compared with models N3322A and N3322B with N2222A or N2222B.
The last 3 models in Table 2 included the heterogeneous residual variance and the covariance between genetic direct and maternal effects (letter Y). The importance of the covariance between both genetic effects was evident comparing the results from the first 4 models. Using a quadratic equation (order of fit, k = 3) for both genetic effects and for Pi and a linear equation (k = 2) for Pm improved the fit and the model Y3332B with 39 parameters (Table 2) , was selected as the best fitted to the data distribution according to the information criteria used (logL, AIC, and BIC). Table 3 shows the random regression coefficient matrices for direct genetic and maternal effects and their covariance in model Y3332B. It is worth noting the negative covariance between coefficients of direct and maternal effects and the different patterns of correlations between coefficients of both effects. Correlations between intercept and linear and quadratic coefficients for direct genetic effects were 0.863 and 0.293, respectively; for the maternal genetic effects, there was a high correlation between the intercept and the linear coefficient (0.952) and a negative correlation with quadratic components (−0.478).
Eigenvalues and Variance Components
According to these results, 97.5% of the genetic variation of the growth curve in this first stage of the lamb's life is explained by the first 3 eigenvalues (λ i ). However, the intercept (λ 1 ) and the linear coefficient (λ 2 ) accounted for most of the variance (64.3 and 29.7% respectively). According to Kirkpatrick et al. (1990) , if selection favors λ 1 there will be an important response in BW during the course of the first 3 mo of age, the eigenvector associated with this eigenvalue is known as the vector of size. In contrast, the genetic variance explained by λ 2 is 2.16 lower than λ 1 , if the selection is practiced on the associated eigenvector of this second eigenvalue, there will be some change in the growth curve due to the high level of variability. Figure 3 shows the correlation between direct and maternal genetic effects for each age. The correlations were negative for all pairs of age considered, showing the same tendency observed in Figure 2 , with their absolute values greater at ages below 45 d. Table 3 . Covariance matrix of random regression coefficients 1 for direct genetic effects, maternal effects, and their covariance and eigenvalues (λ i ) obtained with the best fit model (3332B) for growth of Merino lambs during the first 3 mo after birth Correlations between direct (r a ) and maternal (r m ) genetic effects of BW recorded through the whole age trajectory studied are shown in Figure 4 . All correlations are positive, for any pair of ages considered. Correlation between adjacent or near ages are greater than 0.90 for both genetic effects. However, correlations were lower in the first 45 d due to the antagonism between direct and maternal genetic effects in that period of growth (see Figures 2 and 3) . After 45 d of age all correlations are close to 1 for both effects. Correlations between individual permanent environment effect and for maternal permanent environment effect show similar patterns to those described above ( Figure 5 ). Table 4 shows a comparison between the BV estimated with RRM (RBV a and RBV m here and in the next para- graphs the subscripts a and m mean direct and genetic maternal effects respectively), and the intercepts of these random regression equations (ALPHA a and ALPHA m ), with the current and official BLUP estimates (CBV a and CBV m ) used by SMBA. Percentage of concordance within Figure 3 . Genetic correlation between genetic direct and maternal effects at different ages during the first 3 mo of age in Spanish Merino sheep. For any pair of ages considered, Age1 is the age of the first weight, and Age2 is the age of the second weight.
BV Estimated from Official BLUP and RRM Comparison
the best 500 animals selected by RBV a and RBV m are also given in this table.
Finally, the frequency distributions of BV estimated for direct and maternal effects of the components of a quadratic model (model Y3332B), for 45,941 Merino lambs are shown in Figure 6 . All parameters are represented with the same scale.
DISCUSSION
During the last 20 yr, an effective selection program has been carried out (Valera et al., 2002) on Spanish Merino sheep with an improved growth capacity and is now greater than in other sheep populations oriented toward wool production or dual purpose (Cloete et al., 2001; Duguma et al., 2002) .
Most references to genetic parameters of preweaning and postweaning (fattening) growth are restricted to BW at some fixed age-adjusted linked to commercial slaughter age. Heritability estimates obtained in this work for all points during the first 3 mo of age are within the range of values reported in a recent review (Safari and Fogarty, 2003) both for direct and maternal effects. Neser et al. (2000) and Duguma et al. (2002) have published higher estimates for these parameters for Merino under South African conditions. However, the estimates For any pair of ages considered, Age1 is the age of the first weight, and Age2 is the age of the second weight. of these latter 2 articles were based on smaller samples with poor pedigree structure and did not use random regression methods. Despite the practical interest of BW at only a few specific ages, this trait is a continuous function of age. Therefore, if weight is recorded repeatedly along the life of the animal, it would be more useful to discuss the course of heritability along the age trajectory.
The trajectory of genetic (co)variance and the heritability estimates of BW obtained in this work show the same form, but not the same values, as those published by Lewis and Brotherstone (2002) and Fischer et al. (2004) using random regression models in Suffolk and Poll Dorset breeds, respectively. However, a null covariance between direct and maternal genetic effects was assumed in these last 2 studies. This could generate biased estimates not only for excluding a possible covariance between both genetic components, but also for not considering changes of this covariance with age.
Published estimates of correlations between direct and maternal genetic effects (r am ) cover a wide range of values. For example, Maria et al. (1993) reported r am = −0.97 for weaning weight in Romanov, whereas Saatci et al. (1997) found r am = 0.99 for preweaning weights in Welsh Mountain. The recent review published by Safari and Fogarty (2003) presented 71 estimates of r am for BW at different ages in sheep, from which 69% were negative. The biological interpretation of these extreme values is difficult and has generated much discussion. Often inconsistencies among published results come from differences in the structure of the data and pedigree information used, as Maniatis and Pollott (2003) showed and confirmed with the recently published paper by Safari et al. (2005) . We can conclude that in this Spanish Merino sheep population there is an antagonism between direct and maternal genetic effects for weights measured during the first 3 mo of life. In our case the data structure used, with a large data set and a complete pedigree available (50% of lambs sires, for example, appear also as maternal grand sires), can be considered suitable for this estimation. Sierra et al. (1998) and Menéndez-Buxadera et al. (2003b) found similar results with Merino sheep in Spain, but in these studies only a few fixed ages were presented.
The trajectory of this genetic antagonism follows a second order equation with greater values (more negative) during the first 45 d of age (see Figures 2 and 3) . A similar tendency was observed by Maniatis and Pollott (2002) using univariate models. These changes in the covariance between direct and maternal genetic effects during the course of the first 3 mo of age make it difficult to interpret the evolution of each parameter. In that sense, a principal component analysis carried out with the random regression coefficient matrix, allowed us to identify the first 2 eigenvalues, which explain 94% of the genetic variation of the shape of the growth curves during the first 3 mo of age. The eigenvectors associated with these eigenvalues and the corresponding Legendre polynomials can be manipulated to obtain the eigenfunctions, which may be very useful for further genetic analyses of growth curves, in the same way that was done by Druet et al. (2003 Druet et al. ( , 2005 in dairy cattle. These eigenfunc- tions are uncorrelated by definition; therefore, they may contribute to a better understanding of the antagonism between direct and maternal genetic effects, but more research is needed on this aspect. More recently Kirkpatrick and Meyer (2004) , Meyer and Kirkpatrick (2005a,b) , and Meyer (2006) presented an excellent review on the statistical background and practical interest on the use of eigenfunctions to analyze data that can be represented as points on a curve.
Our results showed that a quadratic equation for direct and maternal genetic effects is the best order of fit for growth during the first 3 mo of life of Merino lambs. This order of fit (k = 3) was found to be adequate to describe these genetic effects during the preweaning growth both for lambs (Fischer et al., 2004) and for calves (Meyer, 2001; Nobre et al., 2003) . Therefore, using BW adjusted previously at fixed ages assuming a linear growth (as it is usually done in this breeding program by SMBA) may generate a bias. To better understand this bias, correlations were estimated between BV for direct and maternal effects for BW exactly at 75 d of age, for all lambs represented in this data set. The simple correlations between those BV estimated with RRM (RBV a and RBV m ), with the current and official BLUP estimations (CBV a and CBV m ) are generally positive but moderate; however, the results with the intercepts (ALPHA a and ALPHA m ) were slightly greater (Table 4) . These correlations mean that the expected selection re- Figure 6 . Variability in breeding value in Spanish Merino sheep for genetic direct and maternal effects estimated for the genetic components of the random regression models. The meaning of alpha, beta1, and beta2 are the intercept, linear, and quadratic regression coefficients for each animal for direct (D) and maternal (M) effects, respectively, estimated by using the 3332B random regression model. sponse, based on BV estimated by the current BLUP or by RRM, will be positive but not optimal when the ages of the animals are distant. These correlations decrease as intervals between ages increase. So, the direct selection based on the weight at one age creates an indirect response in the weight at the second age. That indirect response will be greater as the difference between the 2 ages shrinks. It is necessary to take into consideration the fact that BW at 75 d of age is highly correlated with BW at very close ages, however the results with earlier ages (first 45 d of age) will be lower (see Figure 3) due to a more pronounced antagonism between direct and maternal genetic effects. This is the same relationship pattern presented by Lewis and Brotherstone (2002) and Fischer et al. (2004) .
The results presented in Table 4 also show that animals selected with either procedure are not the identical. For example, from the best 500 animals selected according to their RBV a and RBV m values, only 287 (57.4%) and 201 (40.2%) would be selected for their official CBV a and CBV m values, respectively. These proportions or percentages of selected animals that agree in both methods increase when selection is based on ALPHA a and ALPHA m values (60.2% for CBV a and 43% for CBV m ). This means that BV estimated by the current methods from SMBA are more highly correlated with the general average breeding value than with BV exactly estimated by RRM at 75 d, which also include genetic differences in the form of the growth curve. This low level of accuracy for ranking the animals according to its BV is the more serious problem related to the official procedure.
Finally, this study has identified a large amount of genetic variation that can be used to improve the breed (Figure 6 ). For a better understanding of these figures it should be highlighted that the average BW of all data sets is 16.3 kg at an average age of 49.8 d. It can be observed that the direct genetic effect shows more variability than the maternal effect, both for the ALPHA component and for the linear component of the genetic regression equation. ALPHA a values ranged between −1.5 and +1.9 kg, whereas for ALPHA m varied between −1.0 and +1.1 kg. These represent 20.9 and 12.9% of the mean BW, respectively. On the other hand, the variation in linear terms was twice as large for direct genetic effects (from −0.87 to +0.99 kg) than for maternal effects (from −0.4 to +0.5 kg). Quadratic terms were similar for both types of effects.
These results indicate that there is a large potential for selection and breed improvement in this population of Merino sheep and that official methods making prior adjustments to a fixed age should be revised, particularly when a linear relationship between weight and age is assumed.
In conclusion, the current methods applied by SMBA to estimate BV of the animals are less informative and less accurate than predictions from RRM. This suggests that the ranking of animals can change along the trajectory of the BW during the first 3 mo of age. Accordingly, from the results of this research the longitudinal approach must be recommended because it provides more information for breeding programs of the Spanish Merino. We have also found that there is an antagonism between direct and maternal genetic effects throughout the course of the growth curve during the first 3 mo of age, but this antagonism decreases with age.
Substantive genetic variation has been identified not only in the general level of breeding value but also in the shape of the growth curve. The estimation of these parameters will provide more information to breeders to select animals that fulfill the market requirements on slaughter age and weight.
